This paper presents a simulation method of self-similar traffic and a type of TCP traffic simulators based on autocorrelation sequences. The impulse function of a simulator is carried out. The parameter estimations for modeling the impulse function of the simulator are determined by multidimensional nonlinear least squares fitting. The existence and the uniqueness of solutions for the multidimensional nonlinear least squares are proved based on convex analysis.
Introduction
Simulations of short-range dependent processes have been paid attention to in many fields of engineering for years and successful applications have been achieved [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . One of the popular methods for simulating short-range dependent processes is based on the power spectra of the processes to be simulated. A remarkable event in traffic engineering as well as in random processes is the discovery that packageswitched traffic is of long-range dependence or self-similar [11] [12] [13] [14] [15] . Self-similar (long-range dependent) processes are different from short-range dependent ones substantially. For instance, the autocorrelation functions of self-similar processes are nonsummable while the autocorrelation functions of Poisson processes are summable. Because the autocorrelation functions are nonsummable, the power spectra of self-similar processes contain the components of Dirac-δ functions. Thus, conventional simulation methods based on power spectra are difficult to use since the explanations of the power spectra of self-similar processes are in the field of distribution theory and this would take us too far from realistic applications [16] [17] [18] [19] [20] . Therefore, we study the simulation based on autocorrelation functions.
In the aspect of traffic simulation, efforts have been made on the parametrically estimated autocorrelation functions [21] [22] , variance-time plot model [23] [24] and ARMA model [25] . As mentioned in Section 2, there may be a variety of autocorrelation functions for the same type of traffic. Therefore, it is essential to find a simulation method without a priori information of the parametric estimations of autocorrelation functions.
Traffic simulation may be performed as follows. Let w(n) be a white noise sequence, h(n) be an impulse function of a simulator (linear system), y(n) be the output to the simulator and x(n) the traffic to be simulated. Then, the simulation depends on designing a filter h such that y = w * h under the condition of r y = r x where r y and r x are the autocorrelation sequences of y and x respectively. As discussed in Section 3, an analytical expression of h may not be achieved even if the analytical expression of r x is known. Therefore, we study analytical expression of impulse functions by least squares fitting without a priori information of the parametric estimations of autocorrelation functions. However, because of the nonlinearity of impulse functions, the least square fitting concerned is nonlinear. Mathematically, multidimensional nonlinear least squares fitting may result in a nonlinear set of equations. Consequently, it is essential to give the proof of the existence and the uniqueness of solutions.
The paper is structured as follows. Section 2 gives the related contents of the self-similar processes and puts forward the problems. Section 3 discusses the design of simulators. Section 4 proves the existence and the uniqueness of solutions for the multidimensional nonlinear least squares fitting related to the design of simulators. Section 5 gives an application of our method to designing a type of simulators for wide-area TCP traffic. Finally, Section 6 concludes the paper.
Problems Put Forward
A traffic data sequence in communication networks is called traffic trace x(t). For wide-area TCP traffic, x(t) indicates the number of bytes in the packet at t. The selfsimilar processes can be defined by autocorrelation functions and they are classified into two models. One is exactly self-similar model and the other asymptotically self-similar model [26] [27] .
Let X = (X t : t = 1, 2, L) be a covariance stationary second-order stochastic process with mean µ = E(X t ) and variance σ 2 = Var(X t ). A process X is called exactly second-order self-similar with parameter H ∈ (0.5, 1), if its autocorrelation function is
where I is the set of integers. A process X is called asymptotically second-order selfsimilar with parameter H∈(0.5, 1), if its autocorrelation function is with the form
2) where c > 0 is a constant and ~ stands for asymptotically equivalent.
The main properties and constraint of self-similar processes are summarized below.
It was concluded that the exactly second-order self-similar model is too narrow to model real traffic [27, pp. 713 ] while the asymptotically self-similar model with fixed finite lag has not been specified exactly [26, pp. 101-102] . This is a problem for simulating a self-similar traffic trace desired based on the exact knowledge of its closed form of autocorrelation function. For instance, [21] proposed the following correlation structure
−βk is not of long-range dependence because e −βk is summable. [22] presented the following model also for
, L is a constant, k i is the lag value corresponding to the "knee" of the curve of an autocorrelation function approximated, λ i is the rate of exp(.) and U(.) is the indicator function. Eq. (2-3) is obviously different from (2-4) but they are for the same type of traffic. In addition, for the same traffic traces provided in [32] , [24] used variance-time plot to obtain H ≈ 0.81~0.82, [25] utilized ARMA model to get H ≈ 0.582~0.591 and other more [28] [29] [30] [31] . Hence, the variety of the Hurst parameter estimations for the same traffic is obvious. Consequently, it is meaningful to simulate traffic without a priori information of the parametric estimations of autocorrelation functions.
When the impulse functions are modeled by multidimensional nonlinear least squares fitting, a nonlinear set of equations appears. Thus, for the proposed method of traffic simulation, the existence and the uniqueness of solutions for the multidimensional nonlinear least squares fitting are issues that should be discussed.
Scheme of Simulation
Let w(n) be the white noise sequence with mean µ and standard deviation σ, h(n) be the impulse response of a linear time-invariant system (simulator) and y(n) the output sequence to the system. The relationship between them is 
4) where S x (ω) is the power spectrum of x. Then, Clearly, in this case,
where S y (ω) is the power spectrum of y. Thus, we obtain a simulator 
Parameter Estimations of Impulse Functions
In fact, a real-traffic trace concerned is a sequence with finite length. Besides, the length is finite when practical numerical computation is performed. Without losing the generality, the maximum possible length of x is assumed as p ∈ I 0 (= 0, 1, 2, L ). Let N ∈ I 0 and N ¹ p. Then, N may be regarded as an "infinite" in the engineering sense. Thus, the following set
is a Hilbert space. Define a set of impulse functions with m parameters h 1 (n) = h 1 (n; a 1 , a 2 , L, a m ) (4-2) and the set
(4-3) The set h 1 is constructed such that
( Let the error e(n) = h 1 (n) − h(n) (4-5) and the cost function
4-4) In the expressions above, h(n) is the model to be fitted while h 1 (n) is the modeling of h(n). Let
It is clear that the estimation of (a 1 , a 2 , L, a m ) is the approximated vector root of J(a 1 , a 2 , L, a m ) ª J(a) = 0. Thus, the partial derivative of J with respect to the parameters a, which will be zero at the J minimum, has components
Basically, h is nonlinear. Thus, Eq. (4-7) yields a nonlinear set of equations in m dimensions. Because a nonlinear set of equations may have no (real) solutions or may have more than one solution [33] [35] , it is needed to study both the existence and the uniqueness of solution of J = 0 for the purpose of modeling h.
Statement 1.
Let h ∈ h be an impulse obtained by (3) (4) (5) (6) (7) (8) Therefore, the extremum of f(e) exists.
Suppose that ẽ ∈ h is a local minimum point of f(e). That is,
where P is a neighbor of : e
Now, suppose that Statement 1 is not true. That is, there is another point e ∈ h such that ) (e f < ) (e f . Obviously, e ∉ P. Thus, || e − ẽ || > ε. Consequently, the number
ε ∈ (0, 1). Let λ + ∈ P. This is in contradiction to Eq. 
A Type of Impulse Functions for Simulation of TCP Traces
In this section, we first illustrate a simulation result. Then, a type of impulse functions for the simulation of wide-area TCP traffic is discussed.
Simulation of TCP Trace
By the Box-Muller method [34] [35] , the following is called second-order stationary white random sequence with mean µ and standard deviation σ.
1) where α(n) is a random number uniformly distributed between 0 and 1 and C > 0 is a constant. The raw data named dec-pkt1 is provided in [32] , containing an hour's worth of all wide-area traffic between Digital Equipment Corporation and the rest of the world.
Generally, both of the magnitude and timestamp of a traffic trace dec-pkt1(t n ) (n ∈ I 0 ) are random sequences. Therefore, the simulation of dec-pkt1(t n ) is in two aspects. One is the simulation of the magnitude dec-pkt1 and the other t n . Since the simulation procedures of both sequences are the same, we only demonstrate the simulation of dec-pkt1(n) for the sake of simplicity and this would not affect the generality of the simulation principle discussed. Fig. 1 (a) indicates dec-pkt1(n) and r pkt1 in Fig.1 (b) is the measured autocorrelation function in the normalized case. By (3) (4) (5) (6) , the simulation is shown in Fig.1 (c) . Statistically, dec-pkt1(n) and y(n) in 
Filters Design based on Nonlinear Least Squares Fitting
With Eq. (3) (4) (5) (6) (7) (8) , the measured impulse function h(n) in the normalized case can be obtained as Fig. 2 shows. It is known that the "insights" for choosing a suitable type of trial models and a set of good first guesses are crucial for the method for nonlinear least squares fitting. Hence, empirical models from experiments are particularly important. Based on the experimental analysis, we propose the following:
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h 1 (n) = h 1 (n; a 1 , a 2 , L, a 6 ) = cos(n/a 1 )exp(−n/a 2 ) + a 5 sin(n/a 3 )exp(−n/a 4 )u(n − a 6 ), (5-2) where a 1 , a 2 , a 3 , a 4 ∈ (0, ∞) , a 5 ∈ (−∞, ∞), a 6 ∈ I 0 . Obviously, the set
) is a subset of h: 
(5-5)
By Levenberg-Marquardt method, the approximated vector root is obtained 
Conclusions
We present a traffic simulator (3) (4) (5) (6) (7) (8) to simulate traffic with white noise input. To model h(n) by multidimensional nonlinear least squares fitting, the existence and the uniqueness of solutions are proved. A type of impulse functions (5-2) for simulating wide-area TCP traffic is proposed. 
